Abstract. The THHMD model is a thermo-hydro-mechanical damage model dedicated to unsaturated rocks. This work questions one of the postulates of its formulation, consisting in using the same Representative Elementary Volume (REV) to define the crack density tensor and to compute the damaged permeability. First, a drained triaxial compression test is simulated, by considering that the REV's dimension (noted € b) is a flow internal length. It shows that € b can be used to scale the influence of damage on permeability. Secondly, a nuclear waste repository is modeled. Multiphase flow is studied in fractured porous bedrock subjected to heating. It is demonstrated that: 1. the THHMD model is mesh-independent, 2. € b can be considered as the homogenization scale necessary to define the damage field, 3. the model can be improved by adding one internal length parameter in the formulation.
permeability is scale-dependent (Guéguen et al., 1996) . If the cracks are distributed on a periodic grid, the REV can be defined as the smallest geometric pattern necessary to reproduce the grid by juxtaposition. Pruess et al. (1990) The effective intrinsic permeability is the sum of the intrinsic permeabilities of both media ( f m k k + ). The effective permeability relative to phase β ( β k ) is the sum of the relative permeabilities of both media, weighted by the corresponding intrinsic permeabilities: ( ), relating effective and real stresses, quantifies the extent of the mechanical influence zone of the cracks. The damage variable used to model the mechanical effects of cracks depends on this influence zone, and is thus non-local (Bazant, 1991) .
Homogenization methods can be used to upscale micro-mechanical state variables. Most of the homogenization techniques (e.g. dilute scheme, Mori-Tanaka scheme) fail at representing crack interactions at the scale of the REV. Recently, Zhu et al. (2008) proposed an integration scheme accounting for both the aspect ratio and the spatial distribution of the defects. The latter is defined by means of a density parameter. The cracks radius plays the role of an internal length parameter, which dictates the order of magnitude of the REV size. In hydro-mechanical models, flow regimes are determined by percolation thresholds. Even when cracks are not connected to each other, cracks can be connected to natural pores, which potentially increases permeability.
As a result, at least one additional internal length parameter is required to set the upper bound of permeability in a cracked porous medium. Zhou et al. (2007) introduced the critical micro-crack length (when coalescence occurs). Other material parameters introduced by the authors are equivalent to internal lengths (e.g. hydraulic radius, pores geometric parameters).
Theoretical Framework of the THHMD Model
The model examined in this paper (named THHMD model) is based Continuum Damage Mechanics, and is dedicated to non-isothermal unsaturated porous media (Arson and Gatmiri, 2010 
χ is the dilatancy parameter, and € b is the characteristic dimension of the REV.
In the Excavation Damaged Zone (EDZ), families of non-connected cracks observed at the scale of the gallery are also observed at the scale of the laboratory samples (Blümling et al., 2007 are respectively conjugate to net stress (
The state variables being independent, the increment of the total strain tensor is split as: (6) in which e and d subscripts refer to elastic and inelastic deformations, respectively. The state laws are derived from the expression of Helmholtz free energy, which is assumed to be the sum of damaged elastic energies and crack closure potentials:
………….…….. (7) in which (2000): and: 
The cracks non-interaction hypothesis does not imply that cracks do no constitute new flow paths. In geomaterials such as granite, salt rock or clay stone, cracks length is sufficiently large compared to the typical size of the natural matrix pores to assume that each crack is connected to the pores of the non-damaged skeleton (Maleki and Pouya, 2010) . The cracks network is assumed to have its own intrinsic permeability ( f k , Eq.3), which adds to the intrinsic permeability of the intact porous matrix ( m k , Eq.3). This additional intrinsic permeability depends on the volume of the voids generated by cracking, and therefore, on the size and orientation of the equivalent cracks. It is thus a tensor ( € K f ij ), depending on damage eigenvalues and eigenvectors. Assuming that the flow in the cracks is laminar makes it possible to model water transfer with the cubic law (Shao et al., 2005) . For equivalent cracks (Eq.5), we have: (Gatmiri and Arson, 2008) . The results are compared to the experimental measurements reported in (Sulem and Ouffroukh, 2006) . The Young's modulus,
Poisson's ratio and mechanical damage parameters ( (Sulem and Ouffroukh, 2006) :
The material stays saturated during the whole test. The permeability to liquid water is (Eq.11): In the reference simulation presented in Fig.1 and Fig.2 .a, the "maximal damaged permeability" is fixed to The match between the experimental and numerical stress/strain curves is satisfactory ( Fig.1.a) . Damage predictions are in agreement with the model assumptions: the sample is in tension in both lateral directions, and in compression in the axial direction, so that crack planes develop in the directions normal to equal and non-zero, while vertical damage remains null: Fig.1.b (Fig.2.a) .
Several orders of magnitude for the "maximal damaged permeability" are tested. For R=0.25m to R=10m. Waste is considered as a heating source of decreasing power, which sets a heat flux boundary condition at the inner radius of the domain. The initial power per waste package is 3.051 kW, and the waste is assumed to be 10 years old. The radioactive package length is not provided in the reference article (Pruess et al., 1990) . In this study, it is assumed that each package is 5 meters long and the corresponding surface powers are computed by using the relative powers indicated in (Pollock, 1986 ).
The problem is simulated with Θ-Stock Finite Element program (Gatmiri and Arson, 2008) .
The fractured zones are modeled by elements with a non zero initial damage tensor (Eq.5).
Provided that fractures are horizontal, only the vertical component of damage (
The results obtained with the THHMD model are compared to Pruess et al.'s predictions (1990) .
Interpretations are less straightforward than in the previous numerical example, because the two modeling approaches are different. In Pruess et al.'s model, the natural pores and the cracks are two distinct continua, which are assumed to be in thermodynamic equilibrium. Equivalent porosity, saturation degree and permeability are deduced from the properties of each network (Eq.1-3). By contrast, the THHMD model is similar to a bimodal model, in which damage growth results in a global porosity increase (in the ranges of pore sizes corresponding to the typical cracks length) and in a global permeability increase (Eq.5-11).
To follow the pure thermo-hydraulic approach of Pruess et al. (1990) and a thickness χb / 2 . Therefore, the initial damage field is: The aperture of the fractures is € δ f , but the volume of void generated by cracking is weighted by the fractures' porosity f φ . The dilatancy parameter is thus defined as: For each of the nine meshes described above, the simulation has been run in an initially damaged rock mass (Tab.1-2) and in an intact (undamaged) formation. The degree of saturation evolution is the same for all meshes. Despite some differences with the results reported in the reference article (Pruess et al., 1990) , the evolution of the degree of saturation in space and time can be interpreted by the same physical phenomena. In intact tuff (Fig.4.a) , the rock mass surrounding the canister dries. The degree of saturation is zero at the borehole wall (R=0.25m).
The zone of influence of the heating source continues extending up to R=6m, even after the peak temperature is reached (at t=5 years). Close to the heating source, pore water vaporizes. Due to the increase of gas pressure near the canister, vapor is conveyed in the far field. In this colder region, vapor condensates, and is driven back to the source by capillary effects. That is the reason why the extent of the dried zone reduces after 10 years of storage. Even after 100 years of decreasing heating, the degree of saturation in the vicinity of waste remains almost zero. When initial damage is introduced (Fig.4.b) , fractures are modeled as high-permeability regions. The movement of vapor condensate towards low-water pressure areas is not only conveyed by the matrix, but also by the cracks. Transfer of condensate is so fast that it partially compensates the drying process. At the vicinity of the heating source, the degree of saturation decreases to 0.4 (instead of 0 in intact tuff). After 5 years, when temperature starts to decrease, the dried zone starts to saturate again, due to the movement of condensate.
The temperature predictions are the same in the 18 simulations. Near the canister, the temperature peaks at around 260°C after five years of heating (Fig.5 ). An exponent decrease is observed in space (as the distance to the heating source is increased) and time (as the heating that liquid is not forced to go through the porous matrix by capillary effects. Despite this liquid mobility, the damage model predicts an inner conductive zone. This may be due to a difference in the way initial gas pore pressure is initialized.
Conclusion
The concept of internal length parameter is investigated through numerical parametric studies 
